Limited flip angle (LFA), gradient echo imaging was performed in 130 patients for evaluation of cervical radicular complaints. The LFA study was compared with myelography, CT myelography, and surgical results. Image quality was considered good or excellent for 128 patients. The use of a 10° flip angle with a TR of 75 msec and TE of 12.3 msec consistently provided good contrast and signal-to-noise ratio, giving a CT myelographic effect. The use of both axial and sagittal LFA images was important for optimal detection of extradural defects and for distinction of herniated disk versus osteophyte. There was excellent correlation between the MR and surgical findings.
Myelography and CT have been the standard methods for demonstrating degenerative spondylosis and herniated disks. The complications and patient discomfort inherent in intrathecal injection of contrast medium and subsequent imaging are well established [1] [2] [3] [4] [5] [6] [7] . MR imaging of the cervical spine is being used with increasing frequency to study these patients [8] [9] [10] [11] . In most patients with clinically significant findings , however, myelography and CT are often performed after MR imaging and before surgery. New limited flip angle (LFA) MR imaging techniques in such patients may obviate the need for myelography and CT in making a diagnosis and meticulously delineating anatomy preoperatively [12] [13] [14] . High-resolution imaging of the cervical spine in the axial and sagittal planes with clear distinction of bony and disk margins, neural foramina, nerve roots , CSF, and spinal cord can be achieved with recently developed gradient recalled acquisition in the steady state (GRASS) techniques [12] . Another advantage of LFA imaging is rapid data acquisition , which improves the clinical efficiency of the examination and minimizes patient discomfort and motion .
Subjects and Methods
One hundred and thirty consecutive patients with known or suspected cervical radiculopathy were studied with MR LFA techniques between August 1986 and December 1986 with a 1.5-T GE Signa MR system . Imaging parameters included 5-mm-thick sections, contiguous imaging, 128 x 256 acquisition matrix, 24-cm field of view, four excitations (two averages), flip angle of 10° or 20°, TR = 75 msec, and TE = 12.3 msec. It generally required 16 sequential single axial sections to include the C3-T1 levels. LFA images were performed in the axial (n = 130) and sagittal (n = 75) planes. A flow compensation regimen (gradient moment nulling) was used with the GRASS sequences [12] . Image quality of the LFA studies was rated as poor, good , or excellent. T1-weighted (spin echo TR = 600, TE = 20 msec) and T2-weighted (spin echo TR = 2500, TE = 30 and 60 msec) sagittal images were also acquired . Myelography was done in 20 patients after intrathecal instillation of iopamidol (Isovue M-200 or 300): CT myelography was performed after the cervical myelogram in 16 individuals. MR, CT, and conventional myelographic studies were divided into four groups depending on the dominant findings : (1) normal ; (2) ventral extradural ridging , central; (3) • Squibb, New Brunswick , NJ . Although signal-to-noise ratio is best at 30 0 , the contrast between spinal cord and surrounding CSF is best at 10 0 , and signal-to-noise is sufficient. 
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Results
Image quality , evaluated from the LFA images, was judged as excellent (n = 95), good (n = 33) , or poor (n = 2). A 10° or 15° flip angle provided better image contrast of the spinal cord versus surrounding subarachnoid space than a 30° flip angle when using TR = 75 msec and TE = 12.3 msec (Fig .   1 ). The signal intenSity of the CSF was greater than the spinal cord , similar in appearance to that seen with intrathecally enhanced CT scanning (Fig. 2) . There was no significant CSF pulsation artifact. The central portion of the spinal cord was of higher signal intensity than the periphery on axial images, suggesting a distinction of central gray from surrounding white matter and/or truncation artifact because the shape does not precisely coincide with the anterior and posterior horns (Fig. 3) . A thin central ribbon of high signal intenSity was seen on the sagittal 128 x 256 matrix images of the spinal cord and was absent on 256 x 256 matrix images, consistent with truncation artifact [15] . The upper cervical cord and cervicomedullary junction were also visualized on the cervical studies. The neural foramina were routinely evi- A and B , T1-weighted spin echo images (TR = 600 msec, TE = 20 msec) at C5-C6 level depict spinal cord excellently. Surrounding CSF is also well defined but extradural defects are difficult to visualize (e. g., both CSF and bony degenerative abnormalities are low signal intensity). C and D, Gradient echo (GRASS) images (TR = 75 msec, TE = 12.3 msec, flip angle at 10°) at same C5-C6 level clearly define spinal cord, surrounding CSF, neural foramina, and exiting C6 nerve roots. CT myelographic appearance improves the ability to readily differentiate normal from abnormal studies.
A c dent on axial studies and contained linear, lower signal intensity nerve roots (Fig . 3) . The cervical vertebral bodies were of lower signal intensity than the intervening disks. Thirty-one studies were judged normal. Neither surgery nor conventional or CT myelography was performed on these patients.
Extradural defects were apparent in 99 of 130 MR studies. Both conventional and CT myelography were performed in 20 patients, and five patients had nonenhanced CT with confirmation of the MR findings in all cases . The extradural defects, whether central or lateral , were clearly delineated due to compression of the neural foramina, nerve roots , and adjacent subarachnoid space. The distinction of osteophyte versus herniated disk material was apparent in the majority of cases (Table 1) . Degenerative bony ridging was of lower signal intensity than disk material (Fig . 4) . The herniated disk ( H should be similar in size, creating an oblong shape of equal thickness (Figs. 2 and 3) . The correlation of surgical pathology and the GRASS MR findings was excellent (Table 2 ). There was lack of correlation only at the level where the bony 
C6-C7 (B and C), and C5-C6 levels (D).
Prominent ventrolateral extradural defect (arrow) on right at C6-C7 level causes compression of subarachnoid space, neural foramen, and C7 nerve root. Extradural defect is of mixed low and intermediate signal intensity, consistent with hard and soft disk material, respectively. Characterization of degenerative bony versus herniated disk material often requires sagittal image information due to partial volume averaging effects. degenerative abnormality on the MR study was more prominent on the right, while surgery was performed on the left (the side of milder MR abnormality) due to clinical symptomatology.
Conclusions
Conventional spin echo imaging paradigms have provided excellent delineation of the spinal cord for the evaluation of myelopathy but have proved somewhat disappointing when used to detect the source of radiculopathy [9] . The emergence of variable flip angle, gradient echo pulse sequences greatly enhances the ability to obtain diagnostic images for the clinical evaluation of cervical radiculopathy . The major advantage of the variable flip angle, gradient echo method (compared with spin echo sequences) becomes most apparent when imaging the cervical spine in the axial plane. There is sharp delineation of bone and disk margins, excellent contrast between the spinal cord and surrounding subarachnoid space, and clear visualization of the neural foramina and exiting nerve roots . The visual effect of these noninvasive MR images is similar to that of intrathecally enhanced CT (CT myelographic effect). The gradient echo technique has the additional advantage of providing good signal-to-noise ratio with a short acquisition time [12] .
Central and ventrolateral extradural defects were readily delineated using variable flip angle MR imaging. There was clear distinction of nerve roots, neural foramina, and spinal cord impingement. Surgical correlation with the gradient echo images was excellent. The MR studies gave equal or more detailed information compared with myelography ICT in all cases in which both were performed.
Degenerative bony ridging was of lower signal intensity than herniated disk material. This distinction was often difficult using axial, 5-mm sections, and it is thus critical to analyze carefully both axial and sagittal images to make this differentiation . In 17 cases we were unable to definitely differentiate osteophytes and disk material, generally due to the extradural defect containing a mixture of both. Larger extradural defects compressed not only the subarachnoid space and nerve roots but also displaced the spinal cord . Subtle cord effacement resulted in loss of the central cord region high signal intensity. This high signal intensity is related to a truncation artifact [15] that is seen with a 128 x 256 acquisition matrix, but not with a 256 x 256 matrix. It is also important to recognize that even mild to moderate effacement of the anterior subarachnoid space on axial images is diagnostic of an extradural defect.
The limited flip angle MR images were obtained with a GRASS pulse sequence and gradient moment nulling (flow compensation) to eliminate signal loss from motion-induced temporal and spatial phase shift [12] . Pulse flip angles of less than 90° produce a greater signal than the traditional 90° pulse used for spin echo imaging , particularly when used with a short TR . The shorter flip angle is followed by a negative gradient in the readout direction causing dephasing of spins and then a positive gradient causing rephasing [12] . By obtaining a series of images with a TR of 75 msec and TE of 12.3 msec, we empirically determined that even though the signal-to-noise ratio was greatest with a 30° flip angle the contrast between the spinal cord and surrounding subarachnoid space was greatest at a 10° flip angle. We chose a TR of 75 msec for a better signal and because a shorter TR (e. g., TR-25 msec) sequence was extremely uncomfortable (loud gradient knocking) for the patient. Imaging contrast and relative relaxation time weighting in GRASS imaging are thus related not only to the operator-selected TR and TE, as with spin echo imaging, but also to pulse flip angle.
The use of limited flip angle GRASS imaging greatly facilitates the clinical evaluation of cervical radiculopathy . A routine cervical study can now be performed in 21 min, 53 sec using the following pulse sequences: (1) 
